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Introduction
============

In the light of global climate change, interest in the effects of meteorological factors on human health outcomes is increasing. Several studies have shown high outdoor ambient temperature to be associated with increased overall mortality in the short term,[@ref1] [@ref2] [@ref3] [@ref4] [@ref5] but the effect of high temperatures on the risk of myocardial infarction specifically is less clear.

In a recent systematic review, just over half (7/13) of the studies with relevant data reported a statistically significant association between higher temperatures and risk of myocardial infarction, but several studies prompted concerns about the specificity of the outcome owing to the lack of separate validation and the potential for inclusion of events not related to myocardial infarction.[@ref6] In a time series analysis based on UK data, we observed increases in the risk of myocardial infarction at colder but not at warmer ambient temperatures.[@ref7] However, this and other studies to date have examined temperature-myocardial infarction associations at a daily temporal resolution and may thus have missed heat effects operating on a sub-daily timescale. Associations between heat and mortality outcomes have been shown to operate with relatively little delay, in contrast to the effects of cold.[@ref8] Furthermore, effects of other environmental factors, in particular air pollution, on myocardial ischaemia and risk of myocardial infarction have been observed within just a few hours of exposure.[@ref9] [@ref10]

We therefore aimed to quantify the association between exposure to higher temperatures and the risk of myocardial infarction at an hourly temporal resolution, using environmental data linked to a large database of myocardial infarction events in England and Wales that records time of event data, and within which the validity of events could be confirmed against data on electrocardiographic and laboratory markers.

Methods
=======

The web appendix gives more detail of the methods.

Clinical data and events included
---------------------------------

The Myocardial Ischaemia National Audit Project (MINAP) is a national register that records all hospital admissions for myocardial infarction and other acute coronary syndromes, with participation from all hospitals in England and Wales that admit patients with these conditions (details in web appendix). We included all events with a discharge diagnosis of ST elevation myocardial infarction, non-ST elevation myocardial infarction, or troponin positive acute coronary syndrome and with the time of the event available occurring among patients residing in one of 11 large conurbations in England and Wales (Greater London, West Midlands, Greater Manchester, West Yorkshire, Tyneside, Liverpool, Nottingham, Sheffield, Bristol, Potteries, and Cardiff, with conurbation boundaries pre-defined to match earlier work[@ref11]). We used data covering the years 2003-09, and to investigate effects of heat specifically we restricted our analysis to the warmest quarter of the year---namely, June to August (the warmest three consecutive months in 69% of conurbation years). Timing data may be recorded in MINAP at several points during the course of an event. When it was directly recorded, we used the time of onset of symptoms as the time of the event. When this was not available, we used one of the following time fields (in order of preference): first call for help, arrival of first professional, arrival of emergency services, arrival at hospital, reperfusion, or cardiac arrest. Where we used time fields other than time of onset of symptoms, we adjusted them by the median difference between symptom onset and the timing variable in question, to generate the estimated time of symptom onset for all patients; for example, if we used time of arrival at hospital, we subtracted the median difference between time of symptom onset and time of arrival at hospital for the study population.

Data on temperature and potential confounders
---------------------------------------------

For each of the 11 conurbations, we obtained hourly temperature and relative humidity data from weather monitoring stations within the conurbation from the British Atmospheric Data Centre (UK Meteorological Office MIDAS land surface stations data[@ref12]). We also obtained hourly ambient levels of the following pollutants: nitrogen dioxide, particulate matter with diameter \<10 µm, and ozone. Pollutant data originated from urban background monitoring stations within each conurbation, and we retrieved them from the UK Air Quality Data and Statistics Database.[@ref13]

Statistical analysis
--------------------

We did a fixed stratum, case-crossover analysis.[@ref14] A case-crossover study can be thought of as a type of self matched case-control study: for each person, exposure data are collected for the "case" day (that is, the day of the myocardial infarction) and a set of "control" days that were not associated with the event of interest. In the fixed stratum design, externally fixed time strata are used as the source of control days, which ensures the validity of standard analytical methods.[@ref15] In our study, the fixed strata were calendar months and the control days comprised every other day in the calendar month of the myocardial infarction. We obtained data on exposure and confounders relating to the hour of the myocardial infarction event for both case and control days; matching case and control data on time of day in this way avoids confounding due to any natural circadian patterns in risk of myocardial infarction.

We then used conditional logistic regression to compare exposure data on case and control days. The study design automatically controls for time invariant confounders at the individual level, because comparisons are made within patients. For location specific data, including temperature levels, we used the patient's place of residence as the location, so our assumption was that the myocardial infarction occurred in the same conurbation as the patient's home; in 97% of cases the admitting hospital was in the same conurbation as the patient's residence. We examined the association between ambient temperature and risk of myocardial infarction by using distributed lag models, allowing for delayed effects of up to two weeks. We simultaneously included in our models terms for the following lag periods: 1-6, 7-12, 13-18, 19-24, and 25-48 hours; and 2-7 and 8-14 days. The reason for choosing lag periods of up to two weeks was to cover the total lag period over which we have observed temperature-myocardial infarction associations in a previous analysis at a daily resolution.[@ref7] We included finer divisions of time for shorter lag associations to allow for the possibility that fast acting effects may change more rapidly than effects delayed by several days. We initially estimated temperature-myocardial infarction associations by allowing for non-linearity through the use of a natural cubic spline in each lag period. We varied the number of knots defining the spline between one and four, and we chose the value that minimised the Akaike information criterion. To estimate more easily interpretable numerical estimates of the temperature-myocardial infarction association, we then went on to fit models with simpler linear temperature terms and linear threshold temperature terms (which specify that the heat effect operates only above a particular threshold). To estimate the threshold, we fitted the model by using every possible heat threshold in turn (in 1°C steps) and chose the threshold giving the highest model likelihood; we also calculated a 95% confidence interval from the profile likelihood.[@ref16]

All regression models were adjusted for traffic associated pollution, using nitrogen dioxide levels as a marker,[@ref9] and relative humidity (for both of these variables, we used the same lag structure as for temperature, and we categorised relative humidity in approximate quarters), public holidays, day of the week, and residual seasonality within calendar months (through inclusion of a single harmonic Fourier series with a period of one year[@ref17]).

Effect modifiers and ST elevation versus non-ST elevation myocardial infarctions
--------------------------------------------------------------------------------

We re-ran our final model separately for ST elevation and non-ST elevation myocardial infarction outcomes, to identify possible differences in the temperature-myocardial infarction associations between these categories of event. We then allowed temperature effects to differ by each of the following individual level factors in turn: age group, sex, previous aspirin use, previous coronary heart disease, previous hypertension, and previous statin use. We used Wald tests on interaction terms to formally test for effect modification by these factors. We excluded any patients with missing data for the effect modifier under consideration.

Post hoc analyses
-----------------

After identifying an association between short lag heat and myocardial infarction in our main analysis, we examined more closely the pattern over time in this effect, and in particular whether the effect might reflect short term displacement (or "harvesting"), in which myocardial infarction events that would have happened later are simply brought forward by a few hours or days as a result of the environmental trigger.[@ref18] To explore this, we fitted a model containing 20°C threshold temperature lag terms in six hour bands for the full two week lag period (that is, 1-6, 7-12, 13-18, . . ., 355-360 hours); we constrained the model such that the estimated effects over lag time followed a smooth curve so as to remove model instability due to collinearities between terms and to enable patterns of effects over time to be drawn out. Specifically, we restricted effects to follow a cubic spline with internal knots at 24, 48, and 192 hours (chosen to correspond to the main analysis and to again reflect the possibility that fast acting effects may change more rapidly than effects delayed by several days). Within this framework, we estimated the independent effect of temperature at each lag, as well as the cumulative effect of temperature over increasing lag periods (0-6, 0-12, 0-18, 0-24, . . ., 0-360 hours), where the cumulative effect of temperature over the lag period 0-24 hours (for example) is the sum of the independent effects at lags 0-6, 7-12, 13-18, and 19-24 hours and can be interpreted as the net effect of a temperature increase "now" on risk of myocardial infarction in the next 24 hours.

We then did a post hoc investigation of possible effect modification by time of day/night (full details and results in web appendix), and we explored the role of immediate versus sustained increases in temperature by examining differences between the estimated heat-myocardial infarction association on the first day of a spell in which temperatures exceeded the heat threshold and the estimated association on days that had been preceded by earlier consecutive days during which temperatures had exceeded the threshold. We achieved this by adding to our final model an interaction between the threshold heat parameter and a binary indicator identifying all days on which the previous day had exceeded the threshold.

Sensitivity analyses
--------------------

To assess the robustness of our results to various methodological decisions, we did several sensitivity analyses. Firstly, we restricted our study population to those patients whose time of onset of symptoms of myocardial infarction was directly recorded, rather than inferred from other timing variables. Secondly, we restricted to those patients for whom corroborative evidence (an electrocardiograph trace or creatine kinase/troponin concentrations) supportive of the diagnosis of myocardial infarction was recorded in MINAP. Thirdly, we repeated our main analysis using robust standard errors to account for any possible clustering within conurbations. Fourthly, we restricted to the four largest conurbations (Greater London, Greater Manchester, West Midlands, and West Yorkshire). Fifthly, we used hourly particulate matter with diameter \<10 µm and then ozone levels in place of nitrogen oxide to adjust for the potential confounding effects of air pollution. Sixthly, we added adjustment for circulating infectious disease levels (influenza and respiratory syncytial virus). Finally, as a check that any effects of day of the week were fully accounted for, we matched case and control days on day of the week; this also introduced seven day gaps between case and control days and so doubled as a check against any influence of residual autocorrelation on our results.

Results
=======

A total of 24 861 myocardial infarction occurred during the study period and had temperature data available (table 1[](#tbl1){ref-type="table"}), of which 11 310 (45%) were accompanied by ST elevation. Events occurred more commonly among men (n=16 195; 65%) and older people (median age 69 years). Four large conurbations contributed 81% of the included myocardial infarctions---namely, Greater London (9915; 40%), Greater Manchester (4112; 17%), the West Midlands (3546; 14%), and West Yorkshire (2608; 10%). Across conurbations, 22 768 (92%) myocardial infarctions had corroborative evidence (electrocardiograph trace or creatine kinase/troponin concentrations) recorded in MINAP that was consistent with the diagnosis.

###### 

 Characteristics of myocardial infarctions occurring within 11 conurbations over period 2003-09 inclusive (months of June-August inclusive). Values are numbers\* (percentages) unless stated otherwise

  Conurbation          Myocardial infarctions   Corroborative evidence†   ST elevation         Median (range) age (years)   Male sex             Previous CHD       Taking aspirin     Taking statin
  -------------------- ------------------------ ------------------------- -------------------- ---------------------------- -------------------- ------------------ ------------------ ------------------
  Bristol              737                      707/737 (96)              394/737 (53)         69 (30-100)                  487/737 (66)         219/670 (33)       219/720 (30)       116/381 (30)
  Cardiff              263                      259/263 (98)              98/263 (37)          75 (41-96)                   153/263 (58)         82/210 (39)        108/258 (42)       28/88 (32)
  Greater London       9915                     8879/9915 (90)            4302/9915 (43)       68 (20-107)                  6590/9915 (66)       3011/8883 (34)     2129/9458 (23)     2681/6502 (41)
  Greater Manchester   4112                     3743/4112 (91)            1751/4112 (43)       70 (21-100)                  2631/4112 (64)       1248/2948 (42)     625/3946 (16)      948/2292 (41)
  Liverpool            1417                     1274/1417 (90)            593/1417 (42)        71 (24-101)                  847/1417 (60)        432/1144 (38)      117/1383 ( 8)      570/940 (61)
  Nottingham           416                      402/416 (97)              276/416 (66)         67 (29-95)                   289/416 (69)         106/317 (33)       55/406 (14)        118/201 (59)
  Potteries            296                      292/296 (99)              152/296 (51)         69 (35-96)                   186/296 (63)         79/295 (27)        56/296 (19)        81/261 (31)
  Sheffield            682                      651/682 (95)              281/682 (41)         70 (20-99)                   417/682 (61)         189/541 (35)       26/583 ( 4)        26/85 (31)
  Tyneside             869                      698/869 (80)              319/869 (37)         71 (22-96)                   500/869 (58)         227/571 (40)       221/845 (26)       44/78 ( 56)
  West Midlands        3546                     3412/3546 (96)            1896/3546 (53)       68 (24-104)                  2419/3546 (68)       792/2483 (32)      354/3422 (10)      607/1705 (36)
  West Yorkshire       2608                     2451/2608 (94)            1248/2608 (48)       67 (23-99)                   1676/2608 (64)       898/2401 (37)      547/2435 (22)      952/1720 (55)
  Total                24861                    22 768/24 861 (92)        11 310/24 861 (45)   69 (20-107)                  16 195/24 861 (65)   7283/20 463 (36)   4457/23 752 (19)   6171/14 253 (43)

CHD=coronary heart disease.

\*Denominators reflect number of people with non-missing data for specified variable.

†Defined for ST elevation myocardial infarction as an electrocardiograph or marker concentrations (troponin or creatine kinase) consistent with diagnosis, and for non-ST elevation myocardial infarction as marker concentrations consistent with diagnosis.

Time of onset of symptoms was directly recorded for 13 541 (54%) myocardial infarctions, and for the remainder it was inferred from the time of arrival at hospital (9042 events; 36%) or other time fields (2277 events; 9%). The distribution of time of myocardial infarction is shown in the web appendix (fig A). Mean daily temperatures across conurbations ranged from 14.3°C to 18.4°C during the study months (table 2[](#tbl2){ref-type="table"}). At an hourly level, 10/11 conurbations had temperatures above 30°C recorded during the study period, and the highest temperature recorded was 36.8°C in Greater London on 10 August 2003 during the European heat wave.

###### 

 Characteristics of June to August temperatures in 11 conurbations, over period 2003-09

  Conurbation          No of years with hourly data available   Mean (hourly range) daily temperature (°C)                                       
  -------------------- ---------------------------------------- -------------------------------------------- ----------------- ----------------- -----------------
  Bristol              7                                        16.1 (5.8-29.8)                              17.3 (8.7-34.5)   17.2 (6.9-31.9)   16.9 (5.8-34.5)
  Cardiff              3                                        16.7 (7.0-29.1)                              17.6 (9.7-32.0)   18.4 (7.5-31.5)   17.5 (7.0-32.0)
  Greater London       7                                        16.8 (6.0-31.7)                              18.3 (9.6-33.9)   18.1 (8.6-36.8)   17.8 (6.0-36.8)
  Greater Manchester   7                                        15.7 (4.9-28.3)                              17.0 (8.1-31.2)   16.8 (5.6-31.8)   16.5 (4.9-31.8)
  Liverpool            7                                        15.2 (4.3-28.6)                              16.9 (7.9-33.8)   16.7 (3.7-32.6)   16.3 (3.7-33.8)
  Nottingham           7                                        15.1 (4.1-30.0)                              16.6 (7.0-30.6)   16.5 (7.3-31.8)   16.1 (4.1-31.8)
  Potteries            2                                        14.3 (5.4-26.3)                              16.0 (7.0-31.0)   15.2 (7.5-25.8)   15.2 (5.4-31.0)
  Sheffield            4                                        15.4 (2.8-28.9)                              16.5 (8.6-29.5)   17.0 (5.2-31.2)   16.3 (2.8-31.2)
  Tyneside             3                                        15.0 (5.3-27.6)                              15.9 (9.9-27.0)   16.1 (8.1-26.2)   15.7 (5.3-27.6)
  West Midlands        7                                        15.2 (3.7-30.1)                              16.6 (7.6-33.7)   16.5 (6.5-33.3)   16.1 (3.7-33.7)
  West Yorkshire       6                                        14.8 (3.4-29.6)                              16.3 (8.2-31.7)   16.2 (7.4-30.0)   15.8 (3.4-31.7)

We excluded 1413 (6%) events from our case-crossover analysis owing to missing data on potential confounders (979 with missing pollutant data and a further 434 with missing data on relative humidity).

Short term association between heat and risk of myocardial infarction
---------------------------------------------------------------------

We observed an apparently non-linear association between temperature and myocardial infarction in the shortest lag period of one to six hours; higher temperatures were associated with higher risk at the upper end of the temperature scale, with little association at the lower end (P=0.017 overall; P=0.004 for non-linearity) (fig 1[](#fig1){ref-type="fig"}). At longer lags, we found no evidence of any further association between heat and risk of myocardial infarction; confidence intervals for the estimated curves comfortably included the null (P\>0.1 for each lag term).

![**Fig 1** Odds ratio for risk of myocardial infarction by temperature at various lag times from 1 hour to 14 days. Splines have a single interior knot; up to 4 interior knots per spline were allowed, but lowest Akaike information criterion value was obtained with 1 interior knot per spline. Reference temperature (odds ratio=1) is at mean temperature for each lag period; model includes spline bases for all lag periods simultaneously and was adjusted for relative humidity, nitrogen dioxide, holiday, day of week, and residual seasonality within calendar months (using single harmonic Fourier series[@ref17])](bhak006573.f1_default){#fig1}

In simplified threshold models, the model best supported by the data (on the basis of minimisation of the Akaike information criterion) had a threshold heat effect for one to six hours' lag but simple linear temperature effects at longer lags. We estimated a heat threshold of 20°C (95% confidence interval 16°C to 25°C) for the one to six hour lagged temperature effect (web appendix fig B). Tables 3[](#tbl3){ref-type="table"} and 4[](#tbl4){ref-type="table"} show estimated effect sizes in the final model. Each 1°C increase in temperature above 20°C was associated with an estimated 1.9% (95% confidence interval 0.5% to 3.3%; P=0.009) increase in the risk of myocardial infarction one to six hours after exposure (table 3[](#tbl3){ref-type="table"}), with no evidence of any further heat effect at longer lags.

###### 

 Odds ratios (95% CI) for myocardial infarction associated with temperature and potential confounders in final model---distributed lag effects\*

  Potential confounders               Lag (hours)                                                                                                                                            
  ----------------------------------- ------------------------- ------------------------ ------------------------ ------------------------ ------------------------ ------------------------ ------------------------
  Temperature (per °C)                1.019† (1.005 to 1.033)   1.002 (0.991 to 1.014)   1.011 (0.997 to 1.026)   0.989 (0.977 to 1.001)   0.991 (0.981 to 1.001)   0.996 (0.986 to 1.006)   0.991 (0.981 to 1.002)
   P value                            0.009                     0.677                    0.124                    0.074                    0.074                    0.401                    0.101
  Relative humidity (%):                                                                                                                                                                     
   \<70                               1 (reference)             1 (reference)            1 (reference)            1 (reference)            1 (reference)            1 (reference)            1 (reference)
   70-79                              0.97 (0.93 to 1.02)       1.03 (0.99 to 1.08)      1.05 (1.00 to 1.09)      0.95 (0.91 to 1.00)      1.01 (0.97 to 1.04)      1.00 (0.96 to 1.04)      0.98 (0.94 to 1.02)
   80-89                              0.99 (0.94 to 1.04)       1.06 (1.01 to 1.12)      1.04 (0.98 to 1.10)      0.95 (0.90 to 1.00)      1.00 (0.96 to 1.04)      1.02 (0.96 to 1.08)      1.00 (0.95 to 1.06)
   90-100                             0.94 (0.89 to 1.00)       1.03 (0.96 to 1.11)      1.06 (0.99 to 1.15)      0.96 (0.90 to 1.03)      0.94 (0.88 to 1.02)      0.94 (0.83 to 1.07)      1.01 (0.88 to 1.16)
   P value                            0.186                     0.089                    0.209                    0.107                    0.329                    0.517                    0.592
  Nitrogen dioxide (per 10 µg/m^3^)   0.997 (0.981 to 1.014)    1.000 (0.981 to 1.020)   0.990 (0.970 to 1.010)   1.016 (0.997 to 1.035)   0.987 (0.967 to 1.006)   0.994 (0.963 to 1.025)   1.009 (0.977 to 1.043)
   P values                           0.763                     0.997                    0.314                    0.110                    0.179                    0.698                    0.575

\*All lag terms were included in model simultaneously; model also adjusted for residual seasonality within calendar months by using single harmonic Fourier series.^17^

†Per °C \>20°C.

###### 

 Odds ratios for myocardial infarction associated with temperature and potential confounders in the final model---fixed/single lag effects\*

  --------------------------- ------------------------- -------------
  **Potential confounders**   **Odds ratio (95% CI)**   **P value**
  Holiday                     0.97 (0.85 to 1.11)       0.701
  Day of week:                                          
   Sunday                     1 (reference)             \<0.001
   Monday                     1.17 (1.11 to 1.23)       
   Tuesday                    1.06 (1.00 to 1.11)       
   Wednesday                  1.07 (1.02 to 1.13)       
   Thursday                   1.05 (0.99 to 1.10)       
   Friday                     1.08 (1.03 to 1.14)       
   Saturday                   0.99 (0.94 to 1.04)       
  --------------------------- ------------------------- -------------

\*All lag terms were included in model simultaneously; model also adjusted for residual seasonality within calendar months by using single harmonic Fourier series.^17^

In a post hoc exploratory model to investigate whether the short lag heat effect might reflect short term displacement of events that would otherwise have happened a little later, we observed that the excess risk at the shortest lags seemed to be followed by a reduced risk around 24 hours after exposure (fig 2[](#fig2){ref-type="fig"}). The cumulative effect of a 1°C temperature rise above the threshold was close to zero by the end of the third day after exposure (estimated cumulative risk increase 0.2%, −2.1% to 2.5%).

![**Fig 2** Estimated temperature-myocardial infarction association by lag. Individual lag effects represent estimated independent associations between temperature and risk of myocardial infarction for each lag period (0-6, 7-12, 13-18, . . ., 355-360 hours); cumulative lag effects represent the estimated cumulative associations between temperature and myocardial infarction over increasing lag periods (0-6, 0-12, 0-18, . . ., 0-360 hours) and were calculated as sum of independent effects at individual lags up to that point (for example, cumulative effect over lag period 0-24 hours is sum of independent effects at lags 0-6, 7-12, 13-18, and 19-24 hours). Model included temperature in 6 hourly lag bands covering full 2 week lag period (1-6, 7-12, . . ., 355-360 hours) with coefficients restricted to follow cubic spline by lag time, having interior knots at 24, 48, and 192 lag hours. Temperature threshold of 20°C was applied at all lags. Marked points indicate estimated effect for each 6 hour lag period. Model adjusted for relative humidity, nitrogen dioxide, holiday, day of week, and residual seasonality within calendar months (using single harmonic Fourier series[@ref17])](bhak006573.f2_default){#fig2}

ST elevation versus non-ST elevation myocardial infarction
----------------------------------------------------------

In analyses separating ST elevation and non-ST elevation myocardial infarction outcomes, we observed an indication of a stronger heat-myocardial infarction association for ST elevation myocardial infarction: for each 1°C increase in temperature above 20°C, the risk of ST elevation myocardial infarction was increased by 2.7% (0.6% to 4.9%) one to six hours after exposure, compared with an estimated increase in risk of 1.2% (−0.1% to 3.1%) for non-ST elevation myocardial infarction. The point estimate for the association with ST elevation myocardial infarction was contained in the confidence interval for the association between temperature and non-ST elevation myocardial infarction, and vice versa.

Effect modification by individual level factors and by hour of day
------------------------------------------------------------------

We noted some variation in the point estimates for temperature-myocardial infarction associations by individual level factors, including a larger effect among patients with previous coronary heart disease and those not taking aspirin, and a smaller effect among those with previous hypertension (fig 3[](#fig3){ref-type="fig"}). However, tests of interaction suggested that these observations were consistent with chance variation (P\>0.2 in each case). We did not observe any difference in the effect of temperature by time of day (P for interaction=0.58; web appendix fig C). The lack of evidence for any heat effect applying specifically within the night time stratum (P=0.55) is consistent with our final threshold model, as the 20°C threshold for one to six hour lagged temperature was rarely exceeded in this period.

![**Fig 3** Potential effect modifiers for short term heat effect. Each potential effect modifier was investigated in separate model, containing interaction between lag 1-6 hour temperature term (with threshold of 20°C applied) and variable of interest. All models were adjusted for longer lag periods (linear terms), relative humidity, nitrogen dioxide, holiday, day of week, and residual seasonality within calendar months (using single harmonic Fourier series[@ref17]). Numbers of cases in each stratum were as follows: age---group \<60 (n=6855), 60-69 (5184), 70-79 (6040), ≥80 (5241), missing (128); sex---female (8006), male (15276), missing (166); receiving aspirin---no (18 227), yes (4161), missing (1060); prior coronary heart disease---no (12 423), yes (6882), missing (4143); prior hypertension---no (9406), yes (9946), missing (4096); receiving statin---no (7625), yes (5782), missing (10 041)](bhak006573.f3_default){#fig3}

Immediate versus sustained temperature increases
------------------------------------------------

We found weak evidence that the short lag temperature-myocardial infarction association was larger on the first day of a hot spell (that is, the first day with hourly temperatures exceeding the 20°C threshold; estimated risk increase per 1°C: 6.5%, 1.3% to 11.9%) than on days that had followed consecutively from one or more earlier hot days (estimated risk increase per 1°C: 1.7%, 0.3% to 3.2%, P for interaction=0.07). When we further divided subsequent hot days into second to third, fourth to seventh, and eighth or more, we found no difference between these categories (P=0.27).

Sensitivity analyses
--------------------

Our main results were robust to restricting the study population to patients with time of onset of symptoms directly recorded, restricting to those with corroborative evidence supporting the diagnosis of myocardial infarction, using robust standard errors to allow for possible clustering by conurbation, restricting to the four largest conurbations, adjusting for particulate matter with diameter \<10 µm or ozone instead of nitrogen dioxide to account for possible confounding by pollution, adjusting for circulating infectious disease levels, and matching case and control days on day of the week (web appendix table A). In each case, the estimated association between higher temperatures (above the threshold level of 20°C) and risk of myocardial infarction one to six hours later was similar to that in the original analysis, with odds ratios ranging from 1.017 to 1.024 per 1°C increase, compared with the original estimate of 1.019. Effect estimates at other lags were also similar across sensitivity analyses.

Discussion
==========

Across 11 conurbations in England and Wales included in our analysis, we observed an association between higher temperatures and increased risk of myocardial infarction at an hourly temporal resolution. Above a threshold temperature of 20°C (95% confidence interval for estimated threshold 16°C to 25°C), each 1°C increase in temperature was associated with an estimated 1.9% (95% confidence interval 0.5% to 3.3%) increase in risk of myocardial infarction in the following one to six hours. We found no evidence of an increase in risk of myocardial infarction at longer lags after exposure to high temperatures, and our results were consistent with a short term displacement or "harvesting" effect of heat, with reductions in risk one to three days after exposure apparently cancelling out the early increase. We believe this to be the first large study to detect apparent temperature related displacement of myocardial infarction events on an hourly timescale.

We found some evidence that the temperature-myocardial infarction association may be larger on the first day of a hot weather period than on subsequent hot days. We did not observe any statistically significant variation in the vulnerability to heat by age, drug use (statins and aspirin), or previous cardiovascular disease.

Comparison with previous studies
--------------------------------

The detrimental effects of heat on overall mortality risk are well established, and threshold heat effects have been observed in several studies.[@ref5] [@ref19] [@ref20] Only a few studies specifically looking at associations between temperature and myocardial infarction have been published, and, to our knowledge, no other large study to date has examined changes in risk of myocardial infarction on sub-daily timescales. A recent detailed study of heat effects on cause specific mortality found a smaller signal for mortality due to myocardial infarction than for death from other specific causes, but deaths from myocardial infarction were still estimated to increase by 1.1% (0.7% to 1.5%) per degree increase above the regional heat threshold.[@ref21] A systematic review published in 2009 identified 13 earlier studies with relevant data on heat associations with risk of myocardial infarction.[@ref6] Seven of the 13 studies identified some association with heat, but methodological limitations in many studies were noted, including concerns about potential misclassification of diagnoses of myocardial infarction: the largest effects seemed to be estimated in studies in which cases of myocardial infarction were identified only on the basis of mortality and cause of death data, which could have been subject to miscoding. Only one of the five studies with separately validated myocardial infarction outcomes detected a heat effect.[@ref22] Correspondingly, a more recent systematic review and meta-analysis considering a range of cardiorespiratory effects of temperature changes found little evidence for an association between heat and myocardial infarction.[@ref23] In our recent large scale investigation of temperature-myocardial infarction associations using year round data, we observed an increased risk of myocardial infarction at lower temperatures, but no heat effect.[@ref7] However, this study, in common with all those identified in the aforementioned systematic reviews and a recent German study,[@ref24] was conducted on a daily timescale; the results of the analysis presented here suggest a raised risk of myocardial infarction in the few hours after a temperature increase that may be largely offset by reductions in risk just a day or so later, consistent with short term displacement, and this may explain the lack of a consistently detected heat signal in previous studies that have used only daily data.

We did not observe any statistically significant effect modification by individual level factors. The lack of apparent effect modification by age in our study is in contrast to evidence that elderly people are more vulnerable than other age groups to associations between heat and mortality more broadly.[@ref25] Our results suggest that this excess vulnerability may not be driven by risk of myocardial infarction specifically, although our analysis may have been underpowered to detect relatively subtle effect modification. In recent data from Australia, districts with larger elderly populations had the largest increases in admissions for myocardial infarction on hot days, which would support increased vulnerability among elderly people, although other differences between districts could explain the observation.[@ref26]

Public health implications and possible mechanisms
--------------------------------------------------

The short lag heat effect we observed was consistent with short term displacement of events rather than a net addition to the burden of myocardial infarctions. Several studies of broader mortality outcomes have similarly concluded that detrimental heat related increases in risk may be largely explained by a short term displacement phenomenon,[@ref18] [@ref27] although others have estimated some net effect, at least in selected locations.[@ref19] [@ref20] Our findings indicate that overall incidence of myocardial infarction may not be affected by policies aimed at reducing or managing exposure to heat. Nevertheless, important clustering of events around times of high temperatures may occur. The overall estimated 1.9% relative increase in risk of myocardial infarction over a six hour period per 1°C increase in temperature may translate to detectable and potentially important changes in the temporal distribution of events at certain times for several reasons. Firstly, myocardial infarctions are common and exposure to temperature can be considered universal, so small percentage increases can translate to substantial absolute increases. Secondly, we estimated considerably larger risk increases associated with temperature on the first day of a hot spell (6.5% per 1°C above threshold), compared with the overall effect, and this may be just the time that the relevant services are less ready for any weather related adverse health effects. Thirdly, temperatures may increase by considerably more than 1°C at the start of a hot period, leading to a potentially important temporal displacement of events. A strong evidence base shows that the rapid initiation of intensive treatment for acute myocardial infarction has a direct effect on survival, as a result of which the personnel and resources diverted to dealing with each individual acute myocardial infarction are considerable.[@ref28] Therefore, for acute sector health services, the increases described above may present a substantial and important challenge. Strategies aimed at avoiding the early triggering of events that we have described might therefore improve ultimate outcomes by reducing the resultant stresses on the emergency and hospital services. One such strategy might involve the wider use of systems to disseminate public health advice on clothing, hydration, and physical activity at times when a new spell of hot weather is forecast. England implemented a heat wave plan after the 2003 European heat wave, but the current plan activates only when forecasts indicate the possibility of sustained temperatures above 28-32°C (depending on region), and it has been triggered only a handful of times in eight years of operation.[@ref29] Our results, in line with studies of broader outcomes, suggest that myocardial infarctions may be triggered at considerably lower temperatures, and we observed a larger heat-myocardial infarction association on the first day of a hot spell than after sustained high temperatures.

Possible mechanisms for heat effects triggering thrombotic events have not been widely studied. The diversion of blood flow at high temperatures away from the vital organs and to dilated vessels near the skin surface for cooling may increase cardiac strain.[@ref30] [@ref31] Haemoconcentration and increased blood viscosity through loss of fluid may also contribute,[@ref31] and changes in cholesterol concentrations and sweating threshold have also been implicated.[@ref32] [@ref33] Keatinge et al published experimental evidence based on human volunteers exposed to moving air at 41°C for six hours, the same timescale over which we observed an increase in risk of myocardial infarction in this study: the authors observed weight losses with sweating, despite ready access to water, and losses of arterial pressure; red blood cell count, platelet count, and blood viscosity all increased.[@ref34] However, these data were published more than two decades ago, and recent data using an updated range of measures including haemostatic factors are lacking.

One must also consider whether our findings could simply reflect chance variation. In our final model, we estimated the effect of temperature by using seven lag terms; for a family-wise significance level of 5%, a simple (Bonferroni) correction for multiple testing would require P\<0.007 as evidence of an effect at an individual lag. We did not formally apply the correction as, for non-independent outcomes, it would probably be over-conservative;[@ref35] nevertheless, the short lag effect we identified (with corresponding P=0.009) should be considered in the light of this multiple testing, and we would interpret the P value as representing strong but not overwhelming evidence of a true effect. Further studies using hourly data to confirm and further characterise the effects we have observed would therefore be welcome.

Strengths and limitations
-------------------------

Our study has several limitations. Firstly, the MINAP database records myocardial infarctions in patients who were admitted to hospital, but events resulting in death before admission would have been missed. The likelihood of surviving a myocardial infarction could plausibly be related to temperature---for example, if myocardial infarctions triggered by heat tend to be more severe or if clustering of adverse health outcomes on hot days causes delays in emergency services. Any resulting bias would be likely to be in the direction of an underestimation of heat related myocardial infarctions, and so of the heat-myocardial infarction association.

Secondly, our analysis was based on data on the time of onset of symptoms, but symptom onset may describe different clinical stages for different people; symptoms of myocardial infarction may begin with varying chest pain over several hours, and patients' self reported time of symptom onset may be influenced by factors such as when their doctor was reachable on the phone. These factors would effectively have led to measurement error in capturing the true time of onset of symptoms, and the result is likely to have been a bias in our results towards the null. Furthermore, time of symptom onset was not directly recorded for a proportion of patients but inferred from other variables such as time of admission, although our results seemed to be robust to restriction to patients with time of symptom onset directly recorded.

Thirdly, residual confounding may be present in our results. The key candidate confounder is air pollution levels, which have been shown to be associated with risk of myocardial infarction on this timescale.[@ref9] In our primary analysis, we adjusted for hourly levels of nitrogen dioxide, the pollutant with the strongest association with myocardial infarction in our previous study, and our results were similar in sensitivity analyses using ozone and particulate matter with diameter \<10 µm as alternative pollution markers. We did not have data on fine particle levels (\<2.5 µm), which may be a more important predictor of risk of myocardial infarction than particulate matter with diameter \<10 µm,[@ref36] but in one station recording both we observed a high correlation between the measures (0.92) suggesting that adjustment for particulate matter with diameter \<10 µm should have accounted for any major confounding effects of finer particles.

Finally, our data did not include potentially important individual level data, such as time spent outdoors (or activity levels, which could act as a proxy), characteristics of housing, and air conditioning, which may modify individual people's vulnerability to any heat effects (although residential air conditioning remains relatively uncommon in the UK).

Despite these limitations, to our knowledge, this is the largest study to date to investigate associations between heat and risk of myocardial infarction by using data at an hourly temporal resolution. The case-crossover design that we used automatically controls for time invariant individual level factors, we matched on hour of onset to control for confounding by time of day, and we were able to adjust for other key confounders including hourly pollution levels, day of the week effects, and (in a sensitivity analysis) circulating infectious disease levels (influenza, respiratory syncytial virus). Several studies investigating the associations between temperature and risk of myocardial infarction have relied on mortality data or unvalidated diagnoses, and both of these strategies may reduce the specificity of the outcome; in this study, more than 90% of diagnoses of myocardial infarction were backed up within MINAP by corroborative electrocardiographic or laboratory marker evidence, and our results were similar when we restricted analysis to cases with such evidence. Finally, MINAP has comprehensive coverage and does not restrict on demographic criteria, so hospital admissions recorded should be representative of those occurring within the locations under study.

Conclusion
----------

In 11 large conurbations in England and Wales, short term risk of myocardial infarction seemed to increase at higher temperatures, above a threshold of 20°C. The increase in risk was observed just one to six hours after exposure and seemed to be offset by a reduction in risk in the following days, consistent with exposure to heat leading to an early triggering of myocardial infarctions in highly vulnerable people who would otherwise have had a myocardial infarction some time later ("short term displacement"). This suggests that the overall incidence of myocardial infarction may not be affected by policies aimed at reducing or managing exposure to heat, but important clustering of events may occur during hot spells, potentially leading to high demands on the relevant health services and worse outcomes of myocardial infarction. Further work using hourly data is needed to quantify the extent of any such clustering on an absolute scale and to further characterise short term heat-myocardial infarction associations. Future studies might also clarify whether local climate modifies these associations; assess the importance of indoor temperatures, characteristics of housing, and air conditioning; and investigate possible biological mechanisms for heat associated triggering of myocardial infarctions by using a range of updated markers. Policies aimed at reducing the health effects of hot weather and heat waves should include a consideration of effects operating on sub-daily timescales.

### What is already known on this topic

1.  High ambient temperatures are associated with increased overall short term mortality

2.  Whether high temperatures are linked to an increased risk specifically of myocardial infarction is unclear

3.  Most previous studies have compared changes in temperature with changes in risk of myocardial infarction by using data at a daily temporal resolution; few data at sub-daily timescales have been available

### What this study adds

1.  Data at an hourly temporal resolution from 11 conurbations in England and Wales showed higher temperatures to be associated with increased risk of myocardial infarction in the six hours after exposure, above a threshold of 20°C

2.  Subsequent reductions in risk one to three days after exposure suggested that myocardial infarction may have been triggered early in highly vulnerable people who would otherwise have had an event shortly afterwards

3.  Policies aimed at reducing the health effects of hot weather and heat waves need to consider effects operating on sub-daily timescales
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